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INTRODUCTION
In recent years the trend has been moved from installations with a few wind turbines to the planning of large wind farms with more than hundreds of MW of capacity. This increased and concentrated penetration makes the power network vulnerable to the wind energy production. The two utilities responsible in Denmark for power supply networks, Eltra and Elkraft, have issued requirements [1] that focus on the influence of wind farms on grid stability and power quality, and on the control capabilities of wind farms. Moreover, national standards for power quality of wind turbines have recently been supplemented by a new standard for measurement and assessment of power quality of grid connected wind turbines, namely IEC 61400-21 [2] . Among the great increase of the wind energy generation within the electricity grid the complexity of the wind turbine performance on turbulent winds is becoming of vital interest in technical, economical and scientific aspects. One of the current challenges in wind energy production is to estimate the power fluctuation and voltage flicker of the wind turbine properly.
Blade pitch control is primarily used to limit the aerodynamic power in above-rated wind speeds, in order to keep the turbine within its design limits. In variable speed turbines, the control algorithms have a major influence on the power quality produced by the wind turbine. As the size of wind turbines increases, the controller design becomes increasingly important. Increasing the rotor diameters also increases asymmetric loading of the rotor blades [3, 4] . Many control techniques have been put forward for the purpose which includes individual pitch control [5] [6] [7] .
Individual pitch control is also likely to be of major interest as turbines become larger and more flexible. For a three-bladed rotor, with the result that the hub and the rest of the structure will experience the harmonics at 3P, 6P, etc, which is mainly factors caused the power fluctuation and voltage flicker. The aim of the individual pitch control is to counteract the 3P harmonics and the asymmetrical rotor loading caused by wind shear, upflow, yaw misalignment and tower shadow.
In the paper, the importance of careful evaluation of controller designs is stressed. The use of simulations and data trials is discussed. The simulation result indicates that compared with the flicker coefficient of PI controlled wind turbine, the variable-speed wind turbines equipped with individual pitch controller, exhibit good behavior with respect to output power and voltage flicker, especially for 3P frequency reduction. Thereby, the variable-speed wind turbine with individual pitch controller will produce lower voltage flicker.
II. THE MODEL SYSTEM OF WIND TURBINE
The wind turbine model includes electrical, mechanical and aerodynamic models [8] . Fig. 1 illustrates the overall structure of the wind turbine model. speed V eq takes into account the rotational turbulence, the tower shadow and the variations in the whole wind speed field over the rotor disk, by using the information from the generator speed ω gen . Besides the equivalent wind speed V eq , the pitch angle θ 1 , θ 2 , θ 3 from the control system and the wind speed constitute the inputs of the aerodynamic model. The output of the aerodynamic model is the aerodynamic power P ae , which is input for the mechanical model together with the generator speed ω gen . The mechanical model delivers the mechanical power P G to the generator model.
A. Wind model
The wind model is built of two types of effects, namely deterministic effects and stochastic effects. The deterministic part of the wind model contains the mean wind speed and tower shadow variations. The stochastic part of the wind model includes the effects of the rotational turbulence, namely that turbulence caused by the rotating wind turbine blades.
Only the horizontal component of the wind speed is considered in the model. The rotational turbulence and the tower shadow are included in the model as they have a major impact on power fluctuation with three times the rotational frequency (3P), which is the frequency that mainly contributes to flicker emission during continuous operation. The tower shadow is modeled as a 3P fluctuation with constant amplitude, Whereas the rotational sampled turbulence is modeled as a 3P fluctuation with variable (stochastic) amplitude [8] .
B. Wind turbine model
Approaches to simplified aerodynamic modeling of wind turbines have been presented in [9] and [10] . The main idea in these papers is to adjust wind speed data in one point (hub level) by various filters in order to represent the interaction of turbine blades with the wind speed distribution over the rotor swept area. The present aerodynamic model is based on the aerodynamic efficiency C p (θ,λ), which is calculated by a standard aerodynamic program. This simplification is acceptable as long as only the effect on the aerodynamic power P ae , is taken into account. For a given rotor, C p (θ,λ) depends on the pitch angle θ and on the tip speed ratio λ. The aerodynamic efficiency, usually tabled as a matrix in the aerodynamic program, is used to determine the quasi static aerodynamic power P ae developed on the main shaft of a wind turbine with rotor radius R at a wind speed V eq and air density ρ:
The simplification of using a steady state aerodynamic efficiency, instead of a dynamic aerodynamic efficiency, in (1) corresponds to the steady state aero loads. This simplification underestimates the actual power fluctuations in the stall region.
Study indicates the power curve of a wind turbine and how large the power fluctuations are, as caused by wind speed fluctuations for two situations: low wind speed area which is below 8m/s and high wind speed area which is above 8m/s. For low wind speeds there is no significant difference between the static power and the dynamic power, because the amplification factors of the fluctuations for both steady state and dynamic state are similar. This is not the case for the high wind speeds in the stall region, where, due to the dynamic stall effects, fluctuations in wind speed, produce larger power fluctuations. However, the voltage fluctuation and flicker might catch the severe value during wind speed at 6-10m/s. Therefore, wind speed simulation value is around 7m/s, and simplified aerodynamic modeling for wind turbines is selected.
For the direct coupled low-speed generators, PSCAD/EMTDC provides a fully developed synchronous machine model, based on the generalized machine theory [11] . Vector-control technology has been developed for direct-drive generators using back-to-back PWM converters [12] . Since the study interest is not concentrated on the switches of the PWM converter but for the flicker calculation that requires a long simulation time, an average model without switches is used so that the simulation can be carried out with a larger time step resulting in a simulation speed improvement [13] .
C. Classical designs of PI controller
PI (proportional and integral) and PID (proportional, integral and derivative) controllers are widely used throughout industry and are a good starting point for many wind turbine control applications. A PID controller can be written in terms of the Laplace variable s(similar to a differentiation operator) as
Where x is the input error signal to be corrected and y is the control action. K i , K p and K d are the integral proportional and derivative gains. The time constant τ prevents the derivative term from becoming large at high frequency, where it could respond excessively to signal noise. K d is zero in a PI controller. Fig. 2 shows the power limitation control loop. The power limitation controller has as task to increase or decrease the pitch angle in the power limitation strategy, i.e. in order to limit the generated power to the rated power. The error signal ΔP based on the measured power in the grid point, is sent to a PIcontroller. The PI controller produces the reference pitch angle θ ref . This reference is further compared to the actual pitch angle θ and then the error Δθ is corrected by the servomechanism. In order to get a realistic response in pitch angle control system, the servomechanism model accounts for a time constant T s and the limitation of both the pitch angle and its gradient. The output of the power limitation controller is the pitch angle of the blades.
D. Individual pitch controller
The wind speed variations over the rotor disc result in a large once-per-revolution, or 1P, component in the blade loads, together with harmonics of this frequency, i.e. 2P, 3P, 4P and so on. With a three-bladed rotor these load components will be 120º out of phase between the three blades, with the result that the hub and the rest of the structure will experience the harmonics at 3P, 6P, etc. The design of the control algorithms is clearly of prime importance. By controlling the pitch of each blade independently, it is also possible to achieve important further reductions in loading and 3P fluctuation.
In recent years research has been done in this area by Bossanyi [5] . Bossanyi's method is based on measurement of blade root loads and transforming them into a mean value and variations on two orthogonal axis using "dq axis transformation". The two orthogonal axes are known as quadrature axes and the transformation matrix that transforms the rotating blades to quadrature axes is given by (3)
It is assumed that there is no interaction between the two axes. To overcome the time-delay caused while measuring the blade loads Bossanyi introduces a phase shift in the modulated feedback signals of β d and β q , such that the 'around-1p' variation in the three pitch angles is obtained by modulation of the feedback β d and β q with azimuth angle is θ+Δθ, where Δθ compensates for actuator delay. The authors have implemented a PI based feedback control of pitch angle based on the error between the angle of attack of a single blade and average angle of attack. For relative velocity based control action, a feed forward gain is calculated and implemented as given in (5).
Where V eq is the wind speed in-plane with the rotor which is a function of relative velocity or rotor centric velocity V rel , blade pitch angle θ and angle of attack α, V eq −V eq,avg is the error between the in-plane relative velocity on the single blade and the average in-plane relative velocity of the three blades and ) , ( coll K θ ω is the feed forward gain function. The gain function is based on calculations of skew inflow with the turbine equipped with a cyclic pitch regulator.
E. Short term flicker severity
Flicker is defined as an 'impression of unsteadiness of visual sensation induced by the light stimulus whose luminance or spectral distribution fluctuates with time' and it is related to voltage and, in turn, power fluctuations. The intensity of these emissions, which people find disturbing (especially for fluctuations around 9Hz) and may also cause unwanted heating of electrical components connected to the network, is estimated through the short-time flicker severity index, P st . It is seen that the flicker emission from a single wind turbine at the PCC is given by:
denotes flicker coefficient of the wind turbine for given network impedance phase angle φ k at the point of common coupling (PCC), and for given annual average wind speed V a measured at the hub-height of the wind turbine, S n,fic is the short circuit apparent power of fictitious grid, S n denotes the rated apparent power of wind turbine. P st,fic is the voltage flicker of fictitious grid modeled by simulated data.
The flicker severity caused by continuous operation of a single WT can be calculated according to following expression
is calculated by (5) . S k is the short circuit capacity of the point of common coupling, S n denotes the rated apparent power of wind turbine.
III. SIMULATION RESULT
The model parameters pertain to a typical 1.5MW wind turbine with 36m rotor radius R b . The parameters were determined for average wind speed of 7.5m/s, rotor speed to 15rpm and pitch angle of 10°. Time-domain simulations were performed with the controlled model. These simulations will be run with the collective pitch controller, and repeated with addition of the individual pitch control action.
The wind signal used in the simulation is as shown in Figure 3 . A set of 10-minute Bladed turbulent wind simulations at several mean wind speeds will be set up. Figure 4 is the active power with collective pitch controller and Figure 5 is the active power with individual pitch controller.
For the wind turbines connected to the transmission networks, the flicker contribution from the wind turbines in the connection point shall be limited to be below P st =0.35 is considered acceptable for wind turbine installations [14] . The variation of short-term flicker severity P st with wind speed for two situations is illustrated as follows: P st,indivual =0.05, and P st,collective =0.12.
IV. CONCLUSION
Compared with the flicker coefficient of PI controlled wind turbine, it appears obviously that the variable-speed wind turbines, equipped with individual pitch controller, exhibit good behavior with respect to output power and voltage flicker. As it is shown, the flick emission values from both controller are belong the limitation of power quality required for wind turbine. The P st value controlled by individual pitch controller is lower than the collective one. The reason is that the pitch regulation of each blade could reduce the 3P fluctuation and smooth out the power fluctuations of wind turbine. Thereby, the variable-speed wind turbine with direct-drive generator will produce lower voltage flicker.
For variable speed turbines, attention to detail in the interaction of pitch and torque controllers can significantly improve energy capture. Individual pitch control has potential for very significant 3P frequency reduction but is not yet commercially proven. This behavior is related to control laws can help attain global objectives such as power quality improvement and load reduction, which have to be considered when establishing the design specifications of the control algorithm. Thus, advanced controller design methods can offer an explicit mathematical formulation for the design of controllers with multiple objectives, including flicker reduction.
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